Excessive production of connective tissue growth factor (CTGF, CCN2) and increased motor ability of the activated fibroblast phenotype contribute to the pathogenesis of idiopathic pulmonary fibrosis (IPF). However, molecules and signal pathways regulating CCN2 expression and migration of lung fibroblasts are still elusive. We hypothesize that rapamycin, via binding and blocking mammalian target of rapamycin (mTOR) complex (mTORC), affects CCN2 expression and migration of lung fibroblasts in vitro. Primary normal and fibrotic human lung fibroblasts were isolated from lung tissues of three patients with primary spontaneous pneumothorax and three with IPF. Cells were incubated with regular medium, or medium containing rapamycin, human recombinant transforming growth factor (TGF)-β1, or both. CCN2 and tissue inhibitor of metalloproteinase (TIMP)-1 expression in cells or supernatant was detected. Wound healing and migration assay was used to measure the migratory potential. TGF-β type I receptor (TβRI)/Smad inhibitor, SB431542 and phosphoinositide 3-kinase (PI3K) inhibitor, LY294002 were used to determine rapamycin's mechanism of action. We demonstrated that rapamycin amplified basal or TGF-β1-induced CCN2 mRNA and protein expression in normal or fibrotic fibroblasts by Smad-independent but PI3K-dependent pathway. Additionally, rapamycin also enhanced TIMP-1 expression as indicated by ELISA. However, wound healing and migrating assay showed rapamycin did not affect the mobility of fibroblasts. Collectively, this study implies a significant fibrogenic induction activity of rapamycin by activating AKT and inducing CCN2 expression in vitro and provides the possible mechanisms for the in vivo findings which previously showed no antifibrotic effect of rapamycin on lung fibrosis.
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Excessive production of connective tissue growth factor (CTGF, CCN2) and increased motor ability of the activated fibroblast phenotype contribute to the pathogenesis of idiopathic pulmonary fibrosis (IPF). However, molecules and signal pathways regulating CCN2 expression and migration of lung fibroblasts are still elusive. We hypothesize that rapamycin, via binding and blocking mammalian target of rapamycin (mTOR) complex (mTORC), affects CCN2 expression and migration of lung fibroblasts in vitro. Primary normal and fibrotic human lung fibroblasts were isolated from lung tissues of three patients with primary spontaneous pneumothorax and three with IPF. Cells were incubated with regular medium, or medium containing rapamycin, human recombinant transforming growth factor (TGF)-β1, or both. CCN2 and tissue inhibitor of metalloproteinase (TIMP)-1 expression in cells or supernatant was detected. Wound healing and migration assay was used to measure the migratory potential. TGF-β type I receptor (TβRI)/Smad inhibitor, SB431542 and phosphoinositide 3-kinase (PI3K) inhibitor, LY294002 were used to determine rapamycin's mechanism of action. We demonstrated that rapamycin amplified basal or TGF-β1-induced CCN2 mRNA and protein expression in normal or fibrotic fibroblasts by Smad-independent but PI3K-dependent pathway. Additionally, rapamycin also enhanced TIMP-1 expression as indicated by ELISA. However, wound healing and migrating assay showed rapamycin did not affect the mobility of fibroblasts. Collectively, this study implies a significant fibrogenic induction activity of rapamycin by activating AKT and inducing CCN2 expression in vitro and provides the possible mechanisms for the in vivo findings which previously showed no antifibrotic effect of rapamycin on lung fibrosis. Idiopathic pulmonary fibrosis (IPF) is the most common and severe form of idiopathic interstitial pneumonia (IIP) that is usually fatal with a median survival time of 2.5-3.5 years. 1 Although the etiology and pathogenesis of IPF still remains elusive, it is now suggested that epithelial cell injury-induced abnormal wound healing process has a critical role in the initiation and progression of IPF. 2 Lung fibroblasts are the major effector cells involved in the dysregulated wound healing process, because overactivation and migration of them and their transition into myofibroblasts mainly contribute to the fibrous intercellular matrix production. 3 One of the aberrant features of fibroblasts is that they produce excessive autocrine profibrotic mediators, including connective tissue growth factor (CTGF, CCN2). 4 CCN2 is a multifunctional mediator that dysregulated expression of it is seen in many fibroproliferative diseases. 5 Fibroblasts in the fibrotic lung also have an enhanced motile ability, which is reminiscent that IPF may be a neoproliferative, cancer-like disorder of the lung. 6 However, factors as well as the underlying signaling pathways that regulate CCN2 expression and migration of fibroblasts have not been fully elucidated. Rapamycin (sirolimus) has profound immunosuppressive effects and is currently used for the prevention of graft rejection in organ transplant recipients. 7 Rapamycin exerts its function through inactivating the mammalian target of rapamycin (mTOR) complex 1 (mTORC1). 8 Prolonged exposure to or much higher concentration of rapamycin also blocks the assembly of new mTOR complex 2 (mTORC2) and inhibits its activity. 9, 10 The primary downstream targets of mTORC1 are the p70S6 kinase 1 (p70S6K1) and the eukaryotic initiation factor 4E binding protein 1 (4E-BP1). 8 In addition to immunosuppressive effects, rapamycin also showed to be effective in preventing fibrogenesis in animal models. [11] [12] [13] However, the exact molecular mechanisms underlying the effects of rapamycin on preventing organ fibrosis remain poorly understood. Furthermore, the antifibrotic effect of rapamycin was seriously challenged by other studies, which showed that rapamycin had no significant improvements on fibrotic process. [14] [15] [16] So, we aim to investigate the possible mechanisms that may explain the controversial findings by showing that whether rapamycin modulates CCN2 expression and migration of lung fibroblasts in vitro.
MATERIALS AND METHODS Subjects and Lung Tissue Procurement
Lung tissue was obtained from three IPF patients with histological evidence of usual interstitial pneumonia at the time of surgical lung biopsy. The diagnosis of IPF was arrived at by standard accepted American Thoracic Society/European Respiratory Society recommendations. 1 Histological normal lung tissue as controls was obtained from three patients with primary spontaneous pneumothorax at the time of thoracoscopy with stapling of any air leak. All experiments were done by using the three fibrotic and normal primary cell lines of human lung fibroblast (HLF). This study was approved by the Ethics Committee of Beijing Chao-Yang Hospital of Capital Medical University and written informed consent was obtained according to institutional guidelines from all investigated subjects.
Isolation, Primary Cultures, and Identification of HLFs Tissue pieces anchoring culture method was used for primary fibroblast culture as previously described. 17 Detailed culture conditions were described in the Supplementary Information. The identification and purity of the cultured primary lung fibroblasts were shown in our previous papers. 18, 19 
Cell Stimulation and Pharmacological Treatments
To investigate modulatory effects of rapamycin (Sigma, San Francisco, CA, USA) on cell behavior, normal or fibrotic HLFs (N-/F-HLFs) were incubated for different periods of time (1, 6, 12, 24 , and 48 h) with rapamycin (5 ng/ml) in the absence or presence of transforming growth factor (TGF)-β1 (10 ng/ml, BD, San Diego, CA, USA). To study the modulatory mechanisms of rapamycin on HLFs, TGF-β type I receptor (TβRI)-and phosphoinositide 3-kinase (PI3K)-specific antagonist (SB431542 and LY294002; 5 and15 μM; Biotrend, Cologne, Germany) was used. After treatments, culture supernatants were harvested and fibroblasts were processed for protein and RNA extraction.
RNA Purification and Real-Time RT-PCR Total RNA was isolated from HLFs using RNAeasy Miniprep kit (Tiangen, Beijing, China) and real-time PCR was Figure 3 Protein expression of CCN2 in normal and fibrotic fibroblast induced by rapamycin, TGF-β1, or both. Serum-starved subconfluent N-/F-HLFs were divided into four groups: control group, rapamycin (5 ng/ml) incubation group, TGF-β1 (10 ng/ml) group, and rapamycin+TGF-β1 co-incubation group. Whole-cell lysates were harvested in RIPA buffer and 30 μg of cell extracts was subjected to SDS-PAGE. CCN2 and β-actin protein band of N-HLFs (a) and F-HLFs (b) was examined by ChemiDoc XRS at 1, 6, 12, 24, and 48 h. Left panel: Typical western blot bands represent three independent experiments (each with duplicates) from three different cell lines giving similar results. Right panel: Densitometric results as the ratio of CCN2 to β-actin and shown as means ± s.e.m. (n = 3, *Po0.05, **Po0.01, ***Po0.001 vs. control group). Molecular weights: CCN2, 38 KDa; β-actin, 42 KDa. 
Indirect Immunofluorescence Staining and Confocal Microscopy
Stainings were done with FITC-conjugated goat anti-rabbit secondary antibodies to detect p-Smad2/3 and Smad2/3 expression and distribution. Cell images were captured by confocal laser scanning microscope (Olympus, Tokyo, Japan). Assays were performed as described in the Supplementary Information.
Wound Healing and Migration Assays
Wound healing and migration assays were done as described earlier. 21, 22 For detailed information, please go to see the Supplementary Information. Statistics SPSS 13.0 (SPSS, Chicago, IL, USA) software was used for analyses. Data are reported as means ± s.e.m. Statistical analysis was performed by using the analysis of variance (ANOVA) test for significance. P-values o0.05 were considered as significant.
RESULTS

Rapamycin Attenuates the Activity of mTOR/p70S6K/ 4EBP1 Signaling Pathway in HLFs
We initially aimed to determine whether the mTOR/p70S6K/ 4EBP1 pathway phosphorylation/activation in F-HLFs is regulated by rapamycin. We found rapamycin (0.01-10 ng/ml) significantly decreased basal or TGF-β1 induced phospho-mTOR/p70S6K/4EBP1 expression in HLFs (Figure 1 ). Previously, we also showed rapamycin downregulates activity of mTOR signal in N-HLFs. 18 Rapamycin Promotes Basal and TGF-β1 Induced CCN2 mRNA and Protein Expression We next want to investigate whether rapamycin modulates CCN2 expression in both N-HLFs and F-HLFs. As shown in Figures 2a and b, mRNA steady-state level of CCN2 was significantly induced by rapamycin in a dose-dependent manner in both N-HLFs and F-HLFs. We then used 5 ng/ml (more effective dose) rapamycin (with or without 10 ng/ml TGF-β1) to further illustrate its modulatory effect on CCN2 mRNA expression in a time-dependent manner. As shown in Figures 2c and d, 5 ng/ml rapamycin remarkably promoted CCN2 mRNA expression from 1 to 48 h, especially when co-stimulation with 10 ng/ml TGF-β1. Western blot and ELISA further showed that 5 ng/ml rapamycin alone or with combination of 10 ng/ml TGF-β1 upregulated CCN2 protein expression in whole cell lysate ( Figure 3 ) and culture media ( Figure 4 ) in both N-HLFs and F-HLFs.
PI3K, Not Smad, Is Involved in Rapamycin's Effects on CCN2 Expression in HLFs
We hypothesize that whether TβR1/Smad is also involved in rapamycin's positive effect on CCN2 expression in HLFs. As Figure 4 Rapamycin increases CCN2 protein expression in culture media of normal and fibrotic fibroblast. Quiescent N-HLFs (a) and F-HLFs (b) were divided into four groups: control group, rapamycin (5 ng/ml) incubation group, TGF-β1 (10 ng/ml) group, and rapamycin+TGF-β1 co-incubation group. Cell supernatants were harvested at indicated time points and secretory CCN2 protein was determined by ELISA. Bars represent the average of three independent experiments from different cell lines with standard error, each with duplicate samples. *Po0.05, **Po0.01, ***Po0.001 vs. control group.
Rapamycin increases CCN2 expression in fibroblasts X Xu et al shown in Figures 5a and b and Figures 6a and b, rapamycin (5 ng/ml) failed to induce a rapid or persistent phosphorylation of Smad2/3 from 1 to 48 h both in F-HLFs and in N-HLFs. Conversely, TGF-β1 (10 ng/ml) caused a remarkable and consistent activation of Smad2/3 as expected. However, the positive effect of TGF-β1 cannot be further amplified when rapamycin was added. Next, we designed experiment to explore whether rapamycin affects nuclear translocation of p-Smad2/3 in HLFs. As indicated in Figure 5c and Figure 6c , in basal state, p-Smad2/3 was expressed largely in cytoplasm of N-HLFs and F-HLFs. When cells were treated with rapamycin (5 ng/ml) for 1 h, nuclear translocation of p-Smad2/3 in N/F-HLFs remained unchanged. However, TGF-β1 treatment either in the presence or in the absence of rapamycin for 1 h significantly promoted p-Smad2/3 nuclear translocation. In addition, total Smad2/3 can localize to both the nucleus and cytoplasm of basal N-/F-HLFs; however, the nucleus was the predominant locating site. This feature was not affected by rapamycin, TGF-β1, or both ( Supplementary Figures S1 and S2) .
Third, we used SB431542 (Smad inhibitor) to determine whether it could block rapamycin's positive action on CTGF expression in N-/F-HLFs. SB431542 alone failed to induce a remarkable change of CTGF expression in N-/F-HLFs (Supplementary Figure S3A and C) . Also, we found that SB431542 (5 μM) did not change CCN2 mRNA expression induced by rapamycin (Figures 7a and d, left column) . Larger dose of SB431542 (15 μM) could even potentiate rapamycin's positive action on CCN2 expression. On the contrary, SB431542 (5 and 15 μM) significantly attenuated CCN2 mRNA expression induced by TGF-β1 treatment (Figures 7b and e , middle column). In N-HLFs, SB431542 also downregulated CCN2 mRNA expression when cells were treated with both rapamcyin and TGF-β1 (Figure 7c ). This was inconsistent with SB431542's effects on F-HLFs, which showed that it even facilitated CCN2 mRNA production ( Figure 7f) .
Next, whether the PI3K pathway regulates rapamycin's positive effects on CCN2 expression in N-/F-HLFs was examined. We first showed that rapamycin (5 ng/ml) treatment significantly promoted p-AKT (S473) expression, especially when treated with TGF-β1 (10 ng/ml) (Figures 8a and 9a) . LY294002, an inhibitor to the PI3K-AKT pathway, cannot change the basal expression of CCN2 in N-/F-HLFs (Supplementary Figure S3B and D) . However, we then showed that LY294002 (5 and 15 μM) completely blocked CCN2 mRNA that was induced by rapamcyin (Figures 8b and 9b , left panel). LY294002 also significantly reduced CCN2 mRNA expression induced by TGF-β1 (Figures 8b and 9b , middle panel). Furthermore, rapamycin and TGF-β1 co-stimulated N-HLFs/F-HLFs also showed reduced CCN2 expression when incubated with LY294002 (Figures 8b and 9b , right panel).
Rapamycin Does Not Affect Migration of F-HLF
It was previously showed that CCN2 and tissue inhibitor matrix metalloproteinase-1 (TIMP-1) were all evolved in modulating migration of different cell types. 23, 24 ELISA found that rapamycin itself remarkably increased TIMP-1 protein level in culture media (Figure 10e ). However, wound healing study showed that the migratory capacity of F-HLFs was not changed by rapamycin (Figure 10a and b) . In addition, this Rapamycin increases CCN2 expression in fibroblasts X Xu et al was further proved by chamber migration assay (Figure 10c and d), which indicated that rapamycin had no regulatory effects on cell traversing capability from upper to lower chamber.
DISCUSSION
Currently, rapamycin was mainly used for immunosuppressive therapy because of its anti-inflammatory and anti-immunity actions. 7, 25 However, mTOR is universally expressed regardless of cell types, so rapamycin was gradually used in anti-cancer and anti-fibrotic therapies. 11, 26, 27 We used N-and F-HLFs to demonstrate that rapamycin potently exerts direct profibrotic activities by promoting CCN2 expression in a Smad-independent and PI3K-dependent manner. In our sister paper, 28 we also showed rapamycin potentiates CCN2 expression in alveolar epithelial cells by PI3K pathway. Furthermore, we and others also showed that while rapamycin downregulated collagen mRNA or protein expression in normal human fibroblast, 18, 29 it could even facilitate the expression of collagen I α1 mRNA in the presence of TGF-β1 (unpublished preliminary data), indicating that the downstream effectors are differentially modulated by mTORC when inhibited by rapamycin and may be highly cell specific. The overall effect of rapamycin on lung fibrosis relies on the balance of the controversial functions on lung structural cells. Consideration of rapamycin's complex actions, we and others suggest it should be handled carefully for clinical uses. [14] [15] [16] 30, 31 In addition, we also show here the hypothesis that monotherapy with rapamycin may be unhelpful but combined inhibition of mTOR and PI3K may be more effective therapeutic strategy for lung fibrosis. CCN2 is a multifunctional, matricellular protein that is widely documented to relate to the progression of various fibroproliferative diseases and patients outcome. 32 CCN2 regulates different cell types, including pulmonary type II alveolar cells, mesangial cells, and interstitial fibroblasts. 33 In the present study, we showed that rapamycin (5 ng/ml) significantly potentiated basal CCN2 mRNA and protein expression in N-/F-HLFs (Figures 2,3,4) . TGF-β1 is a potent inducer of CCN2, 34 we also found that rapamycin further induced CCN2 expression in N-/F-HLFs in the presence of TGF-β1 (Figures 2,3,4) , indicating a powerful synergistic action between them. Considering TGF-β1 signal is overactivated in IPF lung and fibrotic lung, fibroblasts are more responsive to rapamycin in CCN2 production, our findings suggest that treatment of IPF with rapamycin may significantly potentiate the profibrotic activities of both rapamcyin and TGF-β1 and aggravate disease evolution rather than alleviate it. Other findings are consistent with us. One in vitro study showed that rapamycin and cyclosporine A synergistically upregulated human mesangial cells' (HMCs) CCN2 expression and may also exert profibrotic effects. 35 Another in vitro study showed that rapamycin promoted CCN2 mRNA and protein expression in rat mesangial cells (RMCs) in transcriptional way. 36 An in vivo study 37 used a rat model of chronic nephrotoxicity to show that rapamycin further augmented CCN2 expression in kidney tissue and promoted kidney fibrosis. However, other data 38 also showed that rapamcyin attenuated human chronic allograft nephropathy by reducing CCN2 expression. This seems rather paradoxical. We suggest that various doses and treatment time windows of rapamycin and different Rapamycin increases CCN2 expression in fibroblasts X Xu et al animal models may serve to reconcile discrepancies regarding the modulatory effects of rapamycin on CCN2 expression.
But how does rapamycin, through inhibiting mTOR signal cascade, promote CCN2 expression of fibroblast? Previous study showed rapamycin promotes CCN2 and PAI-1 gene expression of RMCs via a TGF-β/Smad cascade-dependent way. 36 However, our studies showed that in contrast to TGF-β1 (10 ng/ml) inducing an early and persistent increase in p-smad2/3 expression and nuclear transition rapamycin cannot (Figures 5 and 6) . Also, Smad signal-specific inhibitor SB431542 could partly block CCN2 mRNA expression induced by TGF-β1, but not by rapamycin (Figure 7 ). SB431542 also partly inhibited rapamcyin and TGF-β1's synergic functions in N-HLFs, which was not seen in F-HLFs. This may be interpreted that in F-HLFs, SB431542's effect on rapamycin offsets and overcomes the effect on TGF-β1, so CCN2 expression induced by rapamcyin and TGF-β1 co-incubation was even augmented. To sum up, we suggest that, in contrast to TGF-β1 that induces CCN2 expression partly dependent on smad signal, rapamcyin's positive effect on CCN2 expression is smad independent.
Alternatively, we found that rapamycin facilitated AKT phosphorylation in S473 of N-/F-HLFs, especially at early exposure and when incubated with TGF-β1 (Figures 8a and  9a ). Considering that acute inhibitory effect of rapamycin primarily focuses on mTORC1 (not mTORC2), and it has been shown that mTORC2 is the kinase of Akt at the serine in position 473, 39 we suspect that uninhibited or hyperactive mTORC2 is sufficient to phosphorylate AKT and contributes to the early AKT activation of lung fibroblasts induced by rapamycin. Persistent exposure of rapamycin may inhibit mTORC2, especially when the concentration of rapamycin is relatively high, up to μM range. 40 In all, 5 ng/ml (5.5 nM) rapamycin was used in this study, so the later inhibitory effect on mTORC2 may be limited in a small range. Thus, rapamycin alone failed to induce a significant reduction in the level of Akt S473 phosphorylation at later stage especially in F-HLFs (Figures 8a and 9a) . On the other hand, continuous and significant suppression of mTORC1 leads to the loss of negative feedback loop resided in S6K 41 and secondary activation of known or unknown compensatory kinase, which eventually increases the level of Akt S473 phosphorylation. This is especially true when lung fibroblasts continuously challenged with rapamycin in the presence of TGF-β1 (Figures 8a  and 9a ). AKT phosphorylation in S473, together with the one at T308, is needed for maximal Akt activity. In the previous study, we also showed that rapamycin activated PI3K (p110a), p-AKT (Thr308), and p-AKT (Ser 473) in different lung epithelial cell lines. 28 Also, LY294002 almost completely blocked basal CCN2 mRNA expression induced by rapamycin, indicating that PI3K-AKT signal contributed to the positive effect of rapamycin on CCN2 expression (Figures 8b  and 9b ). This was in line with our previous study 28 and not in accordance with Osman B's study. 36 So signal pathway that lies behind the positive modulatory effects of rapamycin may vary in the concern of different cell type. The underling mechanisms involving in rapamycin function on fibrotic HLFs should be further elucidated. Collectively, we draw the conclusion that rapamycin blocks one output of PI3K-Akt signaling (mTORC1) at the expense of activating other outputs.
It was previously shown that CCN2 enhanced the migration of monocyte cells by increasing monocyte chemoattractant protein (MCP-1) expression. 23 Also, another profibrotic mediator, TIMP-1, was shown to promote the migration of cancer-associated fibroblasts (CAFs). 24 So, we hypothesized that whether rapamycin, via modulating CCN2 and TIMP-1 expression, affects HLFs migration. We found although CCN2 and TIMP-1 expression was upregulated by rapamycin, the migration of fibroblast was unchanged ( Figure 10 ). These results offer at least two possibilities. One is that mTORC1 signal pathway does not affect the Rapamycin increases CCN2 expression in fibroblasts X Xu et al motor ability of fibroblasts. Another is that mTORC1 may affect cell mobility but the dose of rapamycin or detecting time covers the possible changes. Further studies should be done to illustrate rapamcyin's effect on migration of HLFs not only in the basal state which is merely chemotacticed by the concentration gradient of fetal bovine serum (FBS), but also in the TGF-β1-induced state. Also, experiments should be done to determine whether rapamcyin modulates other functional features of HLFs, such as differentiation ability in vitro. 
